Sepsis-associated encephalopathy (SAE) is associated with an increased rate of morbidity and mortality. It is not understood what the exact mechanism is for the brain dysfunction that occurs in septic patients, but brain inflammation and oxidative stress are a possible theory. Such events can occur through the alteration of molecules that perpetuate the inflammatory response. Thus, it is possible to postulate that CD40 may be involved in this process. The aim of this work is to evaluate the role of CD40-CD40L pathway activation in brain dysfunction associated with sepsis in an animal model. Microglia activation induces the upregulation of CD40-CD40L, both in vitro and in vivo. The inhibition of microglia activation decreases levels of CD40-CD40L in the brain and decreases brain inflammation, oxidative damage and blood brain barrier dysfunction. Despite this, anti-CD40 treatment does not improve mortality in this model. However, it is able to improve long-term cognitive impairment in sepsis survivors. In conclusion, there is a major involvement of the CD40-CD40L signaling pathway in long-term brain dysfunction in an animal model of sepsis.
INTRODUCTION
Sepsis and its consequences are the most common causes of mortality in intensive care units (1, 2) . Sepsis-associated encephalopathy (SAE) has many different clinical presentations, but one of the most common findings is the altered level of consciousness that ranges from confusion to delirium and coma (3) . Furthermore, SAE is associated with an increased rate of morbidity and mortality (4) .
The exact mechanism to explain brain dysfunction in septic patients is not fully understood, but it appears to involve different mechanisms that include oxidative stress, cerebral energy dysfunction, blood-brain barrier (BBB) disruption and disturbances in neurotransmission (2, (6) (7) (8) . All these alterations could be related to an inappropriate activation of the immune system (5) . In this context, evidence suggests that there is a critical role for the CD40-CD40 ligand (L) signaling pathway in several inflammatory disorders. This pathway was described in different conditions associated with both neuroinflammation and brain oxidative stress (9) (10) (11) (12) , suggesting that it can be relevant to the development of SAE. Moreover, it has been proven in sepsis that there is a systemic increase of CD40 and its ligand (13, 14) . CD40-CD40L interaction stimulates many transcription factors, thereby increasing the expression of many mediators such as adhesion molecules, cytokines, growth factors and metalloproteinases (MMPs) (15) . The integrity of the BBB appears to play a major role in the progression of brain dysfunction after sepsis. Additionally, the activation of the CD40-CD40L pathway could interfere in inflamma- 
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MATERIALS AND METHODS

Drugs
CD40 and CD40L were purchased from Abcam (Cambridge, MA, USA). Dulbecco modified Eagle medium (DMEM), fetal bovine serum, trypsinethylenediaminetetraacetic acid (Trypsin-EDTA), deoxyribonuclease I, penicillin-streptomycin and minocycline were purchased from SigmaAldrich (St. Louis, MO, USA).
Ethics
The experimental procedures involving animals were in accordance with the National Institutes of Health (Bethesda, MD, USA) Guide for the Care and Use of Laboratory Animals, adopted by the National Institutes of Health (NIH) (16) and the approval of our institutional ethics committee.
Primary Microglia Culture
Primary mixed glial cell cultures were prepared from the cerebral cortex of 7-d-old rats (Wistar) as described previously (17) . Cells isolated from cerebral hemispheres were dissociated in PBS containing 0.25% trypsin and 0.02 mg/mL deoxyribonuclease I and plated at a density of 0. 
Procedures-Sepsis Induction and Treatments
Rats were subjected to cecal ligation and puncture (CLP) as described previously (18) . They were anesthetized with a mixture of ketamine (80 mg/kg) and xylazine (10 mg/kg). Under aseptic conditions, a 3-cm midline laparotomy was performed to expose the cecum and adjoining intestine. The cecum was ligated with a 3.0 silk suture at its base, below the ileocecal valve, and was perforated once with 14-gauge needle. The cecum was then squeezed gently to extrude a small amount of feces through the perforation site. The cecum was then returned to the peritoneal cavity, and the laparotomy was closed with 4.0 silk sutures. Animals were resuscitated with regular saline (50 mL/kg) subcutaneously (SC) immediately after and 12 h after CLP. All animals received antibiotics (ceftriaxone at 30 mg/kg and clindamycin 25 mg/kg) every 6 h SC for 3 d. In the sham-operated group, the rats were submitted to all surgical procedures but the cecum was neither ligated nor perforated. To minimize variability between different experiments, the CLP procedure was always performed by the same investigator.
For some of the subsets of the experiment, animals were treated with anti-CD40 or isotype IgG as a control. Immediately after the CLP procedure, animals were placed in a stereotactic apparatus and the hippocampus was cannulated and anti-CD40 (1 μg/kg, 10 μg/kg or 100 μg/kg) was administered (19) . In addition, some animals were treated with minocycline as described previously (20) . In brief, immediately after sepsis induction, minocycline (100 μg/kg) or saline was administered as a single intracerebroventricular injection. Depending on the experiment, some animals were followed to the determination of mortality, subjected to behavioral tasks or killed at different times. The hippocampus was then removed to perform several analyses (see below).
Measures
Survival studies. Forty-four animals were observed at regular (12 h) intervals to the determination of mortality over ten days after sepsis induction (shamoperated animals, CLP plus anti-CD40 (100 μg/kg), CLP plus saline, n = 18 animals each group)
Behavior tests. The animals (n = 10) separately underwent two different behavioral tasks 10 d after surgery. The behavioral procedures were conducted between the hours of 1300 and 1600 in a sound-isolated room, and a single animal performed only one behavioral test at only one point in time after surgery. All behavioral tests were recorded by the same person who was blind to the animal group.
The inhibitory avoidance procedure was described in a previous report (21) . The apparatus was an acrylic box (50 × 25 × 25 cm) whose floor consisted of parallel-caliber stainless-steel bars (1-mm diameter) spaced 1 cm apart, and a platform measuring 7 cm wide and 2.5 cm high. Animals were placed on the platform and their latency to step down on the grid with all four paws was measured with an automatic device. Training sessions were performed 10 d after surgery. Immediately after stepping down on the grid, animals received a foot shock of 0.3 mA for 2 s. In test sessions carried out 24 h after training, no foot shock was given and the step-down latency (maximum of 180 s) was used as a measure of retention.
The and equal amounts of protein (100 μg/well) were fractionated by polyacrylamide gel electrophoresis-sodium dodecyl sulphate (SDS-PAGE) and electrotransferred to nitrocellulose membranes. The efficiency of electrotransfer was verified by Ponceau S staining, and the membrane was blocked in Tris-Tween buffer saline (TTBS) (100 mmol/L Tris-HCl, pH 7.5, containing 0.9% NaCl and 0.1% Tween 20) with 5% milk. The membranes were incubated overnight at 4°C with rabbit polyclonal anti-CD40 (1:1000) (Abcam) or anti-CD40L (1:1000) (Abcam). Secondary anti-rabbit IgG was incubated with the membrane for 2 h (1:10000). The membrane was washed with TTBS and the immunoreactivity was detected by chemiluminescence using enhanced chemiluminescent (ECL) (Bio-Rad, São Paulo, Brazil) substrates for detection of horseradish peroxidase (HRP) enzyme activity. Densitometry analysis was performed with the software ImageJ v.1.34 (NIH, Bethesda, MD, USA). All results are expressed as a relative ratio between CD40 or CD40L and β-actin.
Levels of cytokines. Concentrations of TNF-α, IL-1β and IL-6 were determined by enzyme-linked immunosorbent assay (ELISA) on microplate reader using commercial kits (Peprotech, São Paulo, Brazil).
Blood-Brain Barrier Permeability. The integrity of the BBB was investigated in animals using Evans blue dye extravasation (23) . The dye was administered (2% wt/vol in phosphate-buffered saline [PBS]) intravenously (3 mL/kg) through the femoral vein of the rats. The animals were perfused 1.5 h after using normal saline (250 mL) through the left ventricle at 110 mmHg pressure until colorless perfusion fluid was obtained from the right atrium. Quantitative evaluation of BBB permeability was achieved by measuring the content of Evans blue in the hippocampus by its fluorescence intensity (nanogram per milligram of brain tissue) (Spectramax M2 microplate reader, Molecular Devices, Sunnyvale, CA, USA).
Thiobarbituric Acid Reactive Species. The formation of thiobarbituric acid reactive substances (TBARS) during an acidheating reaction was measured as an index of oxidative stress as described previously (24) . The samples were mixed with 1 mL of trichloroacetic acid 10% and 1 mL of thiobarbituric acid 0.67% (Sigma-Aldrich) and then heated in a boiling water bath for 15 min. Malondialdehyde (MDA) equivalents were determined by the absorbance at 535 nm using 1,1,3,3-tetramethoxypropane (Sigma-Aldrich) as an external standard. Results were expressed as MDA equivalents per mg of protein.
Measurement of Nitrite-Nitrate Concentration. Nitrite-nitrate concentration was assayed spectrophotometrically using Griess reagents (1% sulfanilamide in 5% phosphoric acid and 0.1% N-1-naphthylethylenediamine dihydrochloride in bidistilled H 2 O [NED solution]) and vanadium (III) chloride as described previously (25) . A standard curve was run simultaneously with each set of samples and the optical density at 550 nm (OD550) was measured using ELISA microplate reader (25) .
Myeloperoxidase activity. The tissue was homogenized (50 mg/mL) in 0.5% of hexadecyltrimethylammonium bromide (Sigma-Aldrich) and centrifuged (8765g). The suspension was sonicated and an aliquot of supernatant was mixed with a solution of 1.6 mmol/L 3,3',5,5'-tetramethylbenzidine (TMB) and 1 mmol/L H 2 O 2 . The myeloperoxidase (MPO) activity was measured spectrophotometrically at 650 nm at 37°C. The results were expressed as mU/mg protein. (26) .
Protein determination. The Lowry protein assay was used to measure the total protein concentration (27) .
Statistical Analysis
Data collected were analyzed with oneway analysis of variance (ANOVA) followed by the Tukey post hoc method and expressed as mean ± standard deviation.
Data from the open-field task were analyzed with ANOVA followed by Tukey post hoc method and expressed as mean ± SEM. Data from the inhibitory avoidance task is reported as median and interquartile ranges and comparisons among groups were performed using the Mann-Whitney U tests. For behavioral analyses, individual groups were analyzed by the Wilcoxon tests. Mortality was analyzed by the Kaplan-Meier survival curves and log-rank test. For all comparisons, p < 0.05 indicated statistical significance.
RESULTS
Microglia Activation Induces the Upregulation of CD40-CD40L
The in vitro activation of microglia by LPS was able to increase the cellular expression of CD40 and the secretion of CD40L (Figure 1 ). The treatment with anti-CD40 was able to decrease CD40 expression in microglia, causing a positive feedback loop (see Figure 1) . This also was observed in vivo. By using the CLP model of sepsis, it was demonstrated that from 12 to 48 h sepsis induced and increased the hippocampal content of both CD40 and CD40L (see Figure 1 ). The upregulation of CD40-CD40L seems to be dependent of microglia activation in vivo, since the inhibition of microglia by minocycline was able to abrogate sepsis-induced upregulation of CD40-CD40L 24 h after CLP (see Figure 1) .
The Upregulation of CD40-CD40L Induces Brain Inflammation
Microglia increased the secretion of ΤΝF-α, IL-1β and IL-6 (Figures 2A-C) in response to the in vitro LPS treatment. Blocking the activation of CD40-CD40L by anti-CD40 decreased the in vitro secretion of the cytokines mentioned previously (see Figures 2A-C) . To confirm these results, we determined hippocampal levels of ΤΝF-α, IL-1β and IL-6, 24 h after CLP. As demonstrated previously, sepsis is associated with an increase in hippocampal levels of ΤΝF-α, IL-1β and IL-6, and the intrahippocampal administration of anti-CD40 decreases cytokine levels in a way that resembles a dose-response shape (Figures 2D-F) . This also was observed in the hippocampal activity of MPO as a neutrophil accumulation marker ( Figure 2G ).
Anti-CD40 Treatment Decreases Markers of Brain Injury after Sepsis
After sepsis, brain inflammation could induce oxidative and nitrosative stress as well as cause dysfunction of the BBB. Hippocampal levels of nitrite and TBARS were increased 24 h after CLP ( Figures 3A, B) . Treatment with anti-CD40 was able to consistently decrease hippocampal levels of nitrite in all studied doses (see Figure 3A) . Additionally, the high anti-CD40 dose was able to decrease hippocampal levels of TBARS (see Figure 3B) . Dysfunction of the BBB also occurs in the CLP model 24 h after surgery as described previously (28) and improvement was seen with anti-CD40 treatment at 10 and 100 μg/kg ( Figure 3C ).
Anti-CD40 Treatment Does Not Improve Mortality after Sepsis
Since brain dysfunction in the clinical setting is associated with higher mortality rates, we aimed to determine if the protective effects of anti-CD40 on brain inflammation were able to improve mortality as an adjunctive treatment to antibiotics and fluid administration. Despite this, anti-CD40 at the higher dose (100 μg/kg) was not able to improve mortality in this model (Figure 4 ).
Anti-CD40 Treatment Improves Longterm Cognitive Impairment in Sepsis Survivor Animals
Another clinically relevant outcome after brain dysfunction is long-term cognitive impairment. We consistently demonstrated that survivors from this model had several different cognitive deficits 10 d after CLP (29) . Thus, it was determined that anti-CD40 was able to improve long-term cognitive impairment. Animals subjected to sepsis presented with impairment in both openfield and inhibitory avoidance tasks ( Figures 5A, B) . Anti-CD40 treatment (100 μg/kg) improved both aversive and nonaversive memory deficits induced by sepsis (see Figures 5A, B) .
DISCUSSION
We have demonstrated that microglia activation is followed by upregulation of CD40 and secretion of CD40L.This seems to be of importance in the development of brain inflammation associated with sepsis. However, anti-CD40 treatment does not improve mortality, but improves long-term cognitive impairment observed in sepsis survivors in this model.
The CD40-CD40L pathway seems to be involved in inflammatory responses implicated in the pathophysiology and progression of various autoimmune and inflammatory disorders (30) (31) (32) (33) . When microglial cells are exposed to proinflammatory mediators, the expression of CD40 is rapidly upregulated (11, 34, 35) . LPS is a strong inducer of CD40 expression in microglia, possibly by the endogenous production of interferon-beta, which contributes to CD40 expression by the activation of STAT-1 (36). Additionally, patients with severe sepsis have higher circulating levels of soluble CD40L than healthy controls, and these levels are associated with the outcome (37) . Thus, there is a biological plausibility that CD40 and its ligand could be upregulated in the brain of animals submitted to sepsis, as we have demonstrated here. To date, there is no evidence to suggest that sepsis could activate the CD40-CD40L pathway in the brain during sepsis development.
Activated microglia are known for playing a key role in mediating inflammatory processes associated with various central nervous system disorders (38, 39) . Activated microglia release compounds such as glutamate, free radicals, proteases, cytokines, leukotrienes and nitric oxide (NO) that could contribute to brain dysfunction (31, 40) . This can be further aggravated by the dysfunction of the BBB that is implicated in the pathogenesis of SAE (41) . Microglia activation is an early event after systemic LPS injection (42) , and can be maintained for longer periods of time after sepsis induction (43) . We had previously demonstrated that microglial inhibition by minocycline was able to decrease brain inflammation and improve long-term cognitive dysfunction after sepsis (20) . In this model, we demonstrated that a major player in microglia activation after sepsis is the activation of CD40-CD40L pathway. Furthermore, the inhibition of CD40-CD40L is able to decrease brain inflammation and oxidative damage as well as BBB dysfunction. Thus, all these alterations seem to be relevant to the development of SAE (44) . Despite the positive results related to anti-CD40 treatment on brain inflammation, this was not associated with higher survivor rates.
Since the control of brain inflammation was not able to improve mortality in our model, we aimed to determine if anti-CD40 treatment could improve long-term brain dysfunction in sepsis survivors. We had demonstrated previously that the control of acute inflammation was associated with improved long-term outcome in the CLP model of sepsis (45) (46) (47) . Here we demonstrated that the downregulation of CD40 signaling was able to improve long-term cognitive function in sepsis survivor rats. In neurodegenerative disorders such as Alzheimer's disease, microglial activation occurs leading to an increase in CD40 signaling pathway (10, 11, 34) . It was demonstrated that activation of the CD40-CD40L pathway modulates amyloid β-induced innate immune responses in microglia, including decreased microglia phagocytosis of exogenous amyloid β 1-42 (48) . These data provide a mechanistic explanation for our previous work showing that long-term cognitive impairment is associated with increased brain content of amyloid-β and decreased levels of synaptophysin (49) .
CONCLUSION
There is a major involvement of the CD40-CD40L signaling pathway in brain dysfunction in an animal model of sepsis. By blocking its activation, it is possible to decrease brain inflammation and oxidative damage, as well as long-term cognitive impairment.
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